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(57) ABSTRACT

An electrical heat production device comprising a thin resis-
tive layer sandwiched between a pair of plates having high
thermal and electrical conductivity, the stack of layers being
insulated around the side surtaces. When a voltage potential 1s
applied across the plates 1n the disclosed electrical heat pro-
duction device, an electrical current flows across the resistive
layer producing heat within the resistive layer that 1s con-
ducted through the plates and across the outer surfaces of the
plates. A guard heater can be positioned adjacent to one of the
outer plate surfaces to bias the heat flow from the resistive
layer toward the opposite outer plate surface, such that the
apparatus can have a single planar heating surface.
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HIGH POWER-DENSITY PLANE-SURFACE
HEATING ELEMENT

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional

Application No. 61/481,016, filed Apr. 29,2011, which appli-
cation 1s incorporated herein 1n 1ts entirety.

ACKNOWLEDGMENT OF GOVERNMEN'T
SUPPORT

This mvention was made with government support under
contract N0O0014-07-1-0670 awarded by the Office of Naval
Research. The government has certain rights 1n the ivention.

FIELD OF THE DISCLOSUR.

(L.

This application relates to plane surface electrical heating,
clements as well as systems and methods relating to the same.

BACKGROUND

A conventional plane-surface heater consists of a resistive
clement that 1s encapsulated 1n electrical insulation. The
resistive element 1s either fine wire, such as nichrome or
tungsten, or 1t 1s a conductive, thin-film metallic or graphite
deposition. For high power-density applications, the 1nsula-
tion 1s usually a ceramic such as mica or alumina. With
application of electrical power, current flows in the plane of
the resistive element. The resistive element temperature T,
rises and heat (q) 1s conducted across the insulation. The
temperature of the resistive element 1s related to the heat
transier rate as:

I T ~(q/A4 ) ((Z/k)+R")

where T and A are the heater insulation surface temperature
and surface area per side, respectively; k and t are the insula-
tion thermal conductivity and thickness, respectively; and R"
1s the resistive element-to-insulation contact thermal resistiv-
ity. The total thermal resistivity, (t/k)+R" 1s a performance
limiter since it 1s usually relatively large.

An example 1s a mica isulated flat heater (k=0.71 W/mK,
t=0.3 mm). At 500 W/cm” per side power density (g/A), and
assuming R"=0, the element temperature rise across the mica
insulation would be T _-T =~2100° C., which 1s not feasible. If
the resistive element 1s nichrome, the element would melt.
Consequently, the manufacturer limits power density of the
mica-insulated plane-surface heater to 17.1 W/cm* when
T =150° C., and the maximum permissible power density
decreases to zero when T _=600° C. Similarly, another exem-
plary plane-surface heating element that includes pyrolytic
graphite (PG) encapsulated 1n pyrolytic boron nitride (PBN)
insulation is limited to power densities of less than 50 W/cm”.

SUMMARY

Disclosed herein are exemplary embodiments of high-
power plane-surface production devices and heating system
and methods related thereto.

An exemplary electrical heat production apparatus com-
prises: aresistive layer having a first planar surface, an oppos-
ing second planar surface, and side edges, the resistive layer
having a thickness 1n a direction transverse to the first and
second surfaces, the resistive layer having a first electrical
conductivity; a first plate having an mner planar surface, an
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opposing outer planar surface, and side edges, the inner sur-
face being joined to the first surface of the resistive layer, the
first plate having an electrical conductivity that 1s greater than
the first electrical conductivity; a second plate having an inner
planar surface, an opposing outer planar surface, and side
edges, the inner surface of the second plate being joined to the
second surface of the resistive layer, the second plate having
an electrical conductivity that 1s greater than the first electri-
cal conductivity; a thermal and electrical mnsulation material
insulating the side edges of the resistive layer, the side edges
of the first plate and the side edges of the second plate, the
insulation material having an electrical conductivity that 1s
lower than the first electrical conductivity; and a first terminal
clectrically coupled to the first plate and a second terminal
clectrically coupled to the second plate, such that when a
voltage potential 1s applied across the first and second termi-
nals an electrical current flows through the first plate, across
the thickness of the resistive layer and through the second
plate. The electrical current 1s converted into heat within the
resistive layer, the heat being conducted from the resistive
layer, through the first and second plates, and across the outer
surfaces of the first and second plates.

In some embodiments, the resistive layer has an electrical
resistivity between 10 2cm and 5000 C2cm.

In some embodiments, the first and second plates comprise
a bondable, thermally and electrically conductive elemental
metal, alloy, or semimetal. In some embodiments, the first and
second plates comprise one or more materials selected from a
group consisting of gold, copper, silver, beryllium copper and
pyrolytic graphite.

In some embodiments, the power density at the outer sur-
faces of the first and second plates is greater than 500 W/cm”.
In some of these embodiments, the temperature drop between
the inner and outer surfaces of the plates 1s less than 40° K.

In some embodiments, the outer planar surfaces of the first
and second plates are free of the insulation material. In some
embodiments, the insulation material only contacts the side
edges of the first and second plates.

Another exemplary heating apparatus comprises: a resis-
tive layer having an upper planar surface, an opposing lower
planar surface, and side edges, the resistive layer having a
thickness 1n a direction transverse to the upper and lower
surfaces, the resistive layer having a first electrical conduc-
tivity; a first plate having an upper planar surface, an opposing
lower planar surface, and side edges, the lower surface being
joined to the upper surface of the resistive layer with a first
controlled expansion layer, the first plate having an electrical
conductivity that i1s greater than the first electrical conductiv-
ity; a second plate having an upper planar surface, an oppos-
ing lower planar surface, and side edges, the upper surface of
the second plate being joined to the lower surface of the
resistive layer with a second controlled expansion layer, the
second plate having an electrical conductivity that 1s greater
than the first electrical conductivity; a third plate having an
upper planar surface, an opposing lower planar surface, and
side edges, the upper surface of the third plate being adjacent
to and spaced from to the lower surface of the second plate
with a first layer of insulation therebetween, the third plate
having an electrical conductivity that 1s greater than the first
clectrical conductivity; a guard heater having an upper planar
surface, an opposing lower planar surface, a first side edge, an
opposing second side edge, and a resistive element, the upper
surface of the guard heater being adjacent to and spaced from
to the lower surface of the third plate with a second layer of
insulation therebetween; an insulation material insulating the
side edges of the resistive layer, the first plate, the second
plate, the third plate, and the guard heater, the insulation
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material further insulating the lower surface of the guard
heater, the insulation material and the insulation layers having
an electrical conductivity that 1s lower than the first electrical
conductivity; and a first terminal electrically coupled to the
first plate, a second terminal electrically coupled to the sec-
ond plate, and third and fourth terminals electrically coupled
to opposite ends of the resistive element of the guard heater,
such that when a first voltage potential 1s applied across the
first and second terminals an electrical current tlows through
the first plate, across the thickness of the resistive layer and
through the second plate, and when a second voltage potential
1s applied across the third and fourth terminals an electrical
current flows through the resistive element of the guard
heater. The electrical current tlowing through the guard heater
produces first heat and the electrical current flowing across
the resistive layer produces second heat within the resistive
layer such that the temperature of the second plate 1s about
equal to the temperature of the third plate and substantially all
of the second heat 1s conducted from the resistive layer,
through the first plate, and across the upper surface of the first
plate.

In some embodiments, the electrical resistivity of the resis-
tive layer 1s between 10 Q2cm and 3000 Q2cm. In some
embodiments, the thickness of the resistive layer 1s from
about 50 um to about 2000 um. In some embodiments, the
resistive layer comprises a bondable maternial comprising a
semiconductor, a semimetal, a ceramic, a conductive polymer
or a composite of these materials.

In some embodiments, the first plate comprises a bondable,
thermally and electrically conductive elemental metal, alloy,
or semimetal.

In some embodiments, the first controlled expansion layer
comprises a copper/tungsten composite. In some embodi-
ments, the lower surface of the first plate 1s vacuum brazed or
sintered to the first controlled expansion layer. In some
embodiments, the first controlled expansion layer 1s vacuum
brazed or sintered to the upper surface of the resistive layer.

In some embodiments, the thickness of the resistive layer 1s
between 50 um and 2000 um, the first plate has a thickness of
between 0.1 mm and 3.5 mm, and the first controlled expan-
sion layer has a thickness of between 0.1 mm and 1.5 mm.

In some embodiments, substantially all heat produced
within the resistive layer 1s conducted to the upper surface of
the first plate.

In some embodiments, a temperature at the lower surface
of the resistive layer 1s greater than a temperature at the upper
surface of the resistive layer.

In some embodiments, a power density is 500 W/cm®, a
temperature difference between the upper and lower surfaces
of the first plate 1s less than 40° K., a temperature diflerence
between the lower surface of the first plate and the upper
surface of the resistive layer 1s less than 30° K., and a tem-
perature difference between the upper and lower surfaces of
the resistive layer 1s less than 15° K.

In some embodiments, when a power density 1s 500
W/cm?, a temperature difference between the upper surface
of the first plate and the lower surface of the resistive layer 1s
less than 75° K.

In some embodiments, the apparatus 1s capable of produc-
ing at least 500 W/cm” of heat at the upper surface of the first
plate. In some embodiments, the apparatus 1s capable of pro-
ducing at least 1000 W/cm” of heat at the upper surface of the
first plate. In some embodiments, the apparatus 1s capable of
producing at least 100 kW of heat at the upper surface of the
first plate.

In some embodiments, the upper surface of the first plate
has a surface area of at least 100 cm”.
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In some embodiments, at the interface between the upper
surface of the resistive element and the lower surface of the
controlled expansion layer, a maximum strain gradient 1n the
plane of the interface 1s less than 0.1 wm per mm cross-
interface.

An exemplary system for controlled distillation of tem-
perature sensitive materials comprises a heating apparatus as
described above, a power supply, and a controller, wherein the
upper surface of the first plate 1s configured to transier heat to
a high-flux liquid boiling surface to vaporize a liquid adjacent
to the boiling surface.

In some embodiments, the liquid 1s water at 25° C. at 0.2
atm pressure, the surface area of the upper surface of the first
plate is 10 cm?, and the system is capable of producing at least
7.25 kg/hr of water vapor.

In some embodiments, the controller 1s configured to adjust
the output of the power supply to adjust the heat output of the
apparatus.

The foregoing and other features of the disclosure will
become more apparent from the following detailed descrip-
tion of several embodiments which proceeds with reference
to the accompanying figures.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s cross-sectional view of an exemplary heating
device comprising a resistive layer sandwiched between a
pair of plates.

FIG. 2 1s a cross-section view of another exemplary heating
device comprising a guard heater.

FIG. 3 1s a graph of temperature rise across an exemplary
heating device as a function of distance from an outer heat
transier surface.

DETAILED DESCRIPTION

Various exemplary embodiments of plane surface electr-
cal heating elements, as well as systems and methods relating
to the same, are disclosed herein. The following description 1s
exemplary 1n nature and 1s not mtended to limit the scope,
applicability, or configuration of the invention 1n any way.
Various changes to the described embodiments may be made
in the function and arrangement of the elements described
herein without departing from the scope of the invention.

As used 1n this application, the singular forms “a,” “an,”
and “the” include the plural forms unless the context clearly
dictates otherwise. Additionally, the term “includes™ means
“comprises.” Further, the term “coupled” generally means
clectrically, electromagnetically, and/or physically (e.g.,
mechanically or chemically) coupled, joined or linked and
does not exclude the presence of intermediate elements
between the coupled or associated 1tems absent specific con-
trary language.

Exemplary heating devices disclosed herein comprise a
compact, layered composite that circumvents the 1ssue of
conduction across low thermal conductivity electrical insula-
tion such that there 1s only a relatively small temperature rise
of the resistive heating element component.

As shown in FIG. 1, 1n one embodiment, the layered com-
posite can comprise a thin resistive layer 10 sandwiched
between two plates, or busbars, 12, 14. A voltage potential can
be applied to the plates 12, 14 such that current flows across
the plane of the resistive layer 10. In FIG. 1, a voltage source
20 1s electrically coupled to the lower plate 14 and a ground 18
1s electrically coupled to the upper plate 12. The side edges of
the resistive layer 10 and the plates 12, 14 can be electrically

and thermally imnsulated with insulation material 16, while the
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upper and lower surfaces of the device can be free of 1insula-
tion. In some embodiments, one of these upper and lower
surfaces of the device can also be insulated, leaving one
un-insulated planar surface for heat transfer.

The resistive layer 10 can comprise a bondable material
having an electrical resistivity p, where 10 £2cm<p<<5000
(2cm. In some embodiments, the resistive layer 10 comprises
a bondable material having a p, where 100 Q2cm<p<1000
(2cm. Exemplary materials can include semiconductors such
as silicon, semimetals such as pyrolytic graphite, ceramics
such as silicon carbide, conductive polymers, and/or compos-
ites of these materials. The magnitude of the electrical resis-
tivity can be application specific.

The plates 12, 14 can comprise bondable, thermally and
clectrically conductive material, such as gold, copper or sil-
ver; a bondable, thermally and electrically conductive alloy
such as berylllum copper; a semimetal such as pyrolytic
graphite; or a combination of these materials. The upper plate
12 can have a lower planar surface bonded to an upper planar
surface of the resistive layer at interface 22 and the lower plate
14 can have an upper planar surface bonded to a lower planar
surface of the resistive layer at interface 26. Heat produced
within the resistive layer 1s conducted evenly toward both
plates 12, 14. The plates spread the heat laterally across the
plates such that the heat q 1s evenly distributed across the
outer surfaces 24, 28 of the plates. The temperature difference
between the interfaces 22, 26 and the outer surfaces 24, 28,
respectively, can be minimized compared to other heating
devices wherein the heat must be conducted through electr-
cal insulation layers having high thermal resistance.

FIG. 2 shows another exemplary heating device embodi-
ment that circumvents the 1ssue of conduction across low
thermal conductivity electrical msulation such that there 1s
only a relatively small temperature rise of the resistive heat
production component. The heating device of FIG. 2 com-
prises a composite stack of several layers of diflerent mate-
rials, the stack being thermally and electrically insulated on
the side edges of all the layers and around the bottom of the
stack with an insulation material 90, 92.

The heat production component of the device can comprise
aresistive layer 40, which can comprise a semiconductor such
as silicon (p=~600 £2cm), a semimetal such as pyrolytic graph-
ite, a ceramic such as silicon carbide, conductive polymers,
and/or composites of these materials. In some embodiments,
for example, the resistive layer 40 can comprise an n-type
phosphorus-doped silicon crystal. The thickness of the resis-
tive layer can depend on p, the characteristics of the power
source 58, and/or the target heating density g/A, at the upper
surtace 70. The resistive layer 40 can have a thickness of from
about 50 um to about 2000 um, including about 100 um to
about 1000 um, about 200 um to about 800 um, and about 300
um to about 500 um, such as about 100 um, about 200 um,
about 300 um, about 400 um, about 500 um, about 600 um,
about 700 um, about 800 um, about 1000 um, or about 1500
um. The resistive layer 40 can comprise an upper planar
surface, a lower planar surface, and side edge surfaces.

The device can further comprise a plurality of bondable
plates comprising material having high electrical and thermal
conductivity, such as gold, copper or silver; a bondable, ther-
mally and electrically conductive alloy such as beryllium
copper; a sesmimetal such as pyrolytic graphite; or combina-
tions of these matenals. Three such plates are shown 1n FIG.
2, a first plate 42, a second plate 44 and a third plate 46. The
plates can have a thickness from about 0.10 mm to about 100
mm, including about 0.50 mm to about 50 mm, about 1 mm to
about 10 mm, including about 0.10 mm, about 0.20 mm,
about 0.30 mm, about 0.40 mm, about 0.50 mm, about 0.75
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mm, about 1 mm, about 2 mm, about 3 mm, about 4 mm,
about 5 mm, about 6 mm, about 7 mm, about 8 mm, about 9
mm, about 10 mm, about 50 mm, or about 100 mm. For a
grven application, the thicknesses of the plates can be selected
based on the electrical resistivity of the plate material, the
voltage/current characteristics of the power source 58, and/or
the cross-plane thermal conductivity of the plate matenial.
Embodiments of the heating device having thinner plates, for
example, can respond faster to changes 1n the voltage/current
characteristics of the power source 58.

Each of the plates 42, 44, and 46 can have upper planar
surfaces, lower planar surfaces and side edge surfaces. The
first and second plates 42, 44 can be bonded, such as vacuum
brazed, sintered and/or diffusion bonded, to controlled
expansion layers 50, 52, respectively, which can 1n turn be
bonded, such as vacuum brazed, sintered, and/or diffusion
bonded, to opposite sides of the resistive layer 40. The con-
trolled expansion layers 50, 52 can comprise a composite
material, such as aluminum/silicon carbide, copper/diamond,
copper/graphite, copper/molybdenum or copper/tungsten,
having a thermal expansion coellicient between that of the
resistive layer 40 and the plates 42, 44 to accommodate the
thermal expansion mismatch between the resistive layer and
the plates. The controlled expansion layers 50, 52 can have a
thickness between about 0.10 mm and about 10 mm, 0.10 mm
to about 10 mm, including about 0.50 mm to about 5 mm,
about 1 mm to about 3 mm, including about 0.10 mm, about
0.20 mm, about 0.30 mm, about 0.40 mm, about 0.50 mm,
about 0.75 mm, about 1 mm, about 2 mm, about 3 mm, about
4 mm, about 5 mm, about 6 mm, about 7 mm, about 8 mm,
about 9 mm, or about 10 mm.

In some embodiments, one or more additional intermediate
layers or materials can be positioned at one or more of the
interfaces 72, 74, 76 and 78 (see FIG. 2). This intermediate
material can comprise a thin film adhesion promoting mate-
rial, such as aluminum, chromium, nickel, titanium and/or
tungsten.

The lower surface of the first plate 42 can be bonded at
interface 72 to the controlled expansion layer 50, which can
be bonded at interface 74 to the upper surface of the resistive
layer 40. The upper surface of the second plate 44 can be
bonded at interface 78 to the controlled expansion layer 52,
which canbe bonded at interface 76 to the lower surface of the
resistive layer 40.

The third plate 46 can be positioned below the second plate,
the second and third plates being separated by a thin 1nsula-
tion layer 92, which abuts the lower surface of the second
plate at imnterface 80 and abuts the upper surface of the third
plate at interface 82. In other embodiments, a thin film heat
flux gage can be substituted in place of the insulation layer 92.
In some embodiments, the three plates 42, 44 and 46 can
comprise the same matenal, the same thickness, and/or the
same thermal and electrical conductivity. In other embodi-
ments, these properties of the plates can vary.

The heating device can further comprise a guard heater 54
positioned below the third plate 46, the guard heater and the
third plate being separated by a insulation layer 94, which
abuts the lower surface of the third plate at interface 84 and
abuts an upper planar surface of the guard heater 54 at inter-
face 86. Insulation 92 can surround the lower planar surface
of the guard heater 54 at interface 88 1n addition to the side
edge surfaces of the entire stack of layers. The guard heater 54
can comprise a resistive element, such as a deposition or a
wire, that 1s laid out 1n a serpentine pattern between electrical
terminals.

A voltage potential can be applied between the first and
second plates 42, 44 such that electrical current flows across
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resistive layer 40 1n a direction normal to the interfaces 74 and
76. A voltage source 58 can be applied to one of the first and
second plates 42, 44 and a ground 56 can be applied to the
other to create the voltage potential. The direction of current
flow can be 1rrelevant. The current flowing through the resis-
tive layer 40 creates heat g within the resistive layer and all,
more than half, or at least some, of the heat q 1s conducted
across the controlled expansion layer 50 and the first plate 42
to the upper surface 70 of the first plate. In embodiments not
including the guard heater 54, a portion, such as about half, of
the heat g can be conducted away from the resistive layer 40
via the controlled expansion layer 52 and the second plate 44.

The guard heater 54 can bias flow of the heat q from the
resistive layer 40 toward the first plate 42. As shown 1n FIG.
2, a voltage potential can be applied laterally across the guard
heater via a voltage source 62 and a ground 60 clectrically
coupled to opposing side edge surfaces of the guard heater
and the current flowing through the guard heater can produce
additional heat. The insulation layer 84 can be thinner than the
insulation 92 covering the lower surface of the guard heater
54 such that substantially all of the heat produced by the guard
heater 1s conducted upward across interfaces 86 and 84 to the
third plate 46.

If the power to the guard heater 54 1s adjusted such that the
temperature of the second plate T, equals the temperature of
the third plate T,, then heat flow from the resistive layer 40
toward the lower portion of the heating device can be mini-
mized and/or prevented and all or substantially all the heat g
generated 1n the resistive layer 40 can be projected to the first
plate 42. Furthermore, the resistive element 40 can have a
highest temperature T, at the lower surface 76 of the resistive
layer 40 and a lower temperature at the upper surface 74.

The temperature distribution 1n the upper three layers (the
first plate 42, the controlled expansion layer 30, and the
resistive layer 40) of the heating device 1n the x-direction (as
indicated in FIG. 2, with x being O at the upper heat transfer
surface 70 of the first plate 42), neglecting the bonds between
these three layers, 1s given by the following zonal equations:

First plate 42: T5(x)-T.=(q" /k45)x:

Controlled expansion layer 50: T5qo(x)-T45(245)=(q"/
Kso)(X=14);

Resistive layer 40: To(x)—T50(t4o+150)=(q" /(2K 40t 40))
[(ta0) = (2,00 =%7)];

where q"_ is the power density [W/cm”] and is equal to g/A.
where A _ 1s the surface area of the upper surface of the first
plate 42, t._ . 1s the total thickness of the three layers (t,,+t,+
t.5), K 1s the thermal conductivity, and x 1s measured from the
heat transfer surface 70.

In one exemplary embodiment, the first plate 42 1s made of
oxygen-iree copper, t,, 1s 3 mm, k., 1s 401 W/mK, the con-
trolled expansion layer 50 1s made of a 15/85 copper-tungsten
composite, t., 1s 1 mm, k., 1s 208 W/mK, the resistive layer
40 1s a silicon crystal, t,, 1s 0.3 mm, and k,, 1s about 70
W/mK. FIG. 3 plots the temperature profile of this embodi-
ment when the power densny q".=500 W/cm”. As shown in
FIG. 3, the temperature increases linearly across the copper
plate 42 (see segment 100) with a temperature change AT, of
about 37K, the temperature increases linearly across and the
Cu: W layer 50 (see segment 102) with a temperature change
AT, of about 24K, and the temperature rise across the resis-
tive layer 40 (see segment 104) 1s about 11K, making the total
temperature rise across the heating element, T (max)-T |,
equal to about 72K. Given that A =4 cm” in this embodiment,
the device can produce about 2 kW (94 8 voltsx21.1 amps)
when the power density q" =500 W/cm".
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In this exemplary embodiment, the maximum lateral strain
gradient (at the silicon/Cu: W interface 74) 1s a mere 0.08 um
lateral/mm cross-plane, and decreases linearly to zero at the
other side (interface 76) of the resistive layer 40.

Because the temperature rise across the heating element 1s
low, this exemplary device can function with a power density
in excess of 1000 W/cm® without damaging the components.
Having a 4 cm” plan area A _, the device can provide in excess
of 4.0 kW. In other embodiments, the plan area A_ of the
device can exceed 100 cm”, making them capable of provid-
ing in excess 100 kW,

The thermal conductivity of the plates 42, 44, 46 are typi-
cally greater than the thermal conductivity of the resistive
layer 40, but not necessarily. Desirably, the plates and the
resistive layer have a high thermal conductivity since this
minimizes the temperature excursion exhibited in FIG. 3.
Moreover, the thermal and/or electrical conductivity of the
first plate does not necessarily match that of the second or
third plates, though all three plates can be the same 1n some
embodiments. In other embodiments where the lower plates
are guarded, the second plate 44 can have a lower thermal
conductivity that the first plate, encouraging heat to flow more
toward the first plate, and reducing the power demand for the
guard heater 534. The thicknesses of the plates can also vary to
adjust the heat flow patterns across the plates and the power
demand of the guard heater.

The heating devices disclosed herein can provide a saie,
compact, and highly controllable planar heating source.
There are no open tlames or excessively high surface tem-
peratures (2000° C.) like with open flame heating devices. In
addition, the heating devices disclosed herein do not produce
exhaust gasses or other undesirable byproducts. Furthermore,
the temperature of the heating surface can be easily and
accurately controlled by adjusting the voltage/current across
the first and second plates. The heating device can be con-
trolled using only an AC or DC power supply and controller.
Other advantages and benefits can include, but are not limited
to:

Twenty-fold (20x) increase 1n maximum heat flux perfor-

mance over existing technology

Faster thermal response compared to existing technology

Simple, robust architecture

Heating System=heating element+power supply+power
controller

Variable size and plan form shape: 0 to =100 cm?

Tunable voltage/current ratio (DC or AC)

Bondable external surface (adhesive or braze)

Tolerant to harsh environments

No hazardous materials or pollutants

Receptive to guard heater architecture (unidirectional
heat tlow)

Straightforward fabrication

Economical and environmentally friendly alternative to:

Complex burner gas (flame heating) systems
High-temperature radiant systems
Laser 1rradiation systems

The heating devices disclosed herein can be incorporated
into a compact heating system, such as a mini-evaporator for
controlled distillation of temperature sensitive materials. For
example, in one embodiment of a compact heating system,
the surface 70 of the heating device shown in FIG. 2 can be
coupled, such as bonded, to a high-flux boiling surface to
produce vapor, such as described by Penley and Wirtz [S. J.
Penley and R. A. Wirtz (2011) “Correlation of Sub-atmo-
spheric Pressure, Saturated, Pool Boiling of Water on a Struc-
tured-Porous Surface,” ASME JHT, Vol. 133, 041501 (11

pgs.)], which is incorporated by reference herein. For
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example, according to Penley and Wirtz [S. J. Penley and R.
A. Wirtz (2010) “Sub-atmospheric pressure, sub-cooled tlow
boiling of water on screen-laminate enhanced surfaces”,
Porc. IHTC14, Paper IHTC14-22741 (10 pgs.)], which 1s
incorporated by reference herein, 1t has been shown that the
referenced high-tlux boiling surface can accommodate up to
453 W/cm® when the liquid is 25° C. water at 0.2 atm pres-
sure, such a mini-evaporator, with a A =10 cm”, can produce
up to 7.25 kg/hr vapor when 1t 1s incorporated nto a flow-
through distillation system. Other liquids can also be used,
which produce different vapor production rates.

In view of the many possible embodiments to which the
principles of this disclosure may be applied, 1t should be
recognized that illustrated embodiments are only examples
and should not be considered a limitation on the scope of the
disclosure. Rather, the scope of the disclosure 1s defined by
the following claims. We therefore claim all that comes
within the scope and spirit of these claims.

We claim:

1. An apparatus, comprising:

a resistive layer having an upper planar surface, an oppos-
ing lower planar surface, and side edges, the resistive
layer having a thickness 1n a direction transverse to the
upper and lower surfaces, the resistive layer having a
first electrical conductivity;

a first plate having an upper planar surface, an opposing
lower planar surface, and side edges, the lower surface
being coupled to the upper surface of the resistive layer
with a first controlled expansion layer, the first plate
having an electrical conductivity that 1s greater than the
first electrical conductivity;

a second plate having an upper planar surface, an opposing,
lower planar surface, and side edges, the upper surface
of the second plate being coupled to the lower surface of
the resistive layer with a second controlled expansion
layer, the second plate having an electrical conductivity
that 1s greater than the first electrical conductivity;

a third plate having an upper planar surface, an opposing
lower planar surface, and side edges, the upper surface
of the third plate being adjacent to and spaced from the
lower surface of the second plate with a first layer of
insulation therebetween, the third plate having an elec-
trical conductivity that 1s greater than the first electrical
conductivity;

a guard heater having an upper planar surface, an opposing
lower planar surface, a first side edge, an opposing sec-
ond side edge, and a resistive element, the upper surface
of the guard heater being adjacent to and spaced from to
the lower surface of the third plate with a second layer of
insulation therebetween:;

an 1nsulation material insulating the side edges of the resis-
tive layer, the first plate, the second plate, the third plate,
and the guard heater, the insulation material further insu-
lating the lower surface of the guard heater, the insula-
tion material and the insulation layers having an electri-
cal conductivity that 1s lower than the first electrical
conductivity; and

a first terminal electrically coupled to the first plate, a
second terminal electrically coupled to the second plate,
and third and fourth terminals electrically coupled to
opposite ends of the resistive element of the guard
heater, such that when a first voltage potential 1s applied
across the first and second terminals an electrical current
flows through the first plate, across the thickness of the
resistive layer and through the second plate, and when a
second voltage potential 1s applied across the third and

10

15

20

25

30

35

40

45

50

55

60

65

10

fourth terminals an electrical current flows through the
resistive element of the guard heater;

wherein the electrical current tlowing through the guard

heater produces first heat and the electrical current flow-
ing across the resistive layer produces second heat
within the resistive layer such that the temperature of the
second plate 1s about equal to the temperature of the third
plate and substantially all of the second heat 1s con-
ducted from the resistive layer, through the first plate,
and across the upper surface of the first plate.

2. The apparatus of claim 1, wherein the electrical resistiv-
ity of the resistive layer 1s between 10 £2cm and 5000 Qcm.

3. The apparatus of claim 2, wherein the thickness of the
resistive layer 1s from about 50 um to about 2000 um.

4. The apparatus of claim 1, wherein the resistive layer
comprises a bondable material comprising a semiconductor, a
semimetal, a ceramic, a conductive polymer, and/or a com-
posite of these materials.

5. The apparatus of claim 1, wherein the first plate com-
prises a bondable, thermally and electrically conductive
clemental metal, alloy, or semimetal.

6. The apparatus of claims 1, wherein the first controlled
expansion layer comprises a copper/tungsten composite.

7. The apparatus of claim 1, wherein the lower surface of
the first plate 1s vacuum brazed or sintered to the first con-
trolled expansion layer.

8. The apparatus of claim 1, wherein the first controlled
expansion layer 1s vacuum brazed or sintered to the upper
surface of the resistive layer.

9. The apparatus of claim 1, wherein the thickness of the
resistive layer 1s between 50 um and 2000 um, the first plate
has a thickness of between 0.1 mm and 3.5 mm, and the first
controlled expansion layer has a thickness ofbetween 0.1 mm
and 1.5 mm.

10. The apparatus of claim 1, wherein substantially all heat
produced within the resistive layer 1s projected to the upper
surface of the first plate.

11. The apparatus of claim 1, wherein a temperature at the
lower surface of the resistive layer 1s greater than a tempera-
ture at the upper surface of the resistive layer.

12. The apparatus of claim 1, wherein, when a power
density is 500 W/cm?, a temperature difference between the
upper and lower surfaces of the first plate 1s less than 40° K.,
a temperature difference between the lower surface of the first
plate and the upper surface of the resistive layer 1s less than
30° K, and a temperature difference between the upper and
lower surfaces of the resistive layer 1s less than 15° K.

13. The apparatus of claim 1, wherein when a power den-
sity 1s 500 W/cm?®, a temperature difference between the
upper surface of the first plate and the lower surface of the
resistive layer 1s less than 75° K.

14. The apparatus of claim 1, wherein the apparatus 1s
capable of producing at least 500 W/cm” of heat at the upper
surface of the first plate.

15. The apparatus of claim 1, wherein the apparatus 1s
capable of producing at least 1000 W/cm? of heat at the upper
surface of the first plate.

16. The apparatus of claim 1, wherein the apparatus 1s
capable of producing at least 100 kW of heat at the upper
surface of the first plate.

17. The apparatus of claim 9, wherein the upper surface of
the first plate has a surface area of at least 100 cm”.

18. The apparatus of claim 1, wherein, at the interface
between the upper surface of the resistive element and the
lower surface of the controlled expansion layer, a maximum
strain gradient 1n the plane of the interface 1s less than 0.1 um
per mm cross-interiace.
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19. A system for controlled distillation of temperature sen-
sitive materials, the system comprising the apparatus of claim
1, a power supply, and a controller, wherein the upper surface
of the first plate 1s configured to transier heat to a high-flux
liguid boiling surface to vaporize a liquid adjacent to the
boiling surface.

20. The system of claim 19, wherein the liqud 1s water at
25° C. at 0.2 atm pressure, the surface area of the upper
surface of the first plate is 10 cm?, and the system is capable
of producing at least 7.25 kg/hr of water vapor.

21. The system of claim 20, wherein the controller 1s con-
figured to adjust the output of the power supply to adjust the
heat output of the apparatus.
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